glycoprotein have previously been shown to select variants of the AV isolate that have altered NA activity or receptor-binding affinity. By using an antibody to this site, variants of Li have been selected. Three of the variants have gained an increased affinity for sialic acid-containing receptors, as evidenced by the resistance of their hemagglutinating activity to the presence of reduced amounts of sialic acid on the surface of chicken erythrocytes. All four variants still have very low levels of NA activity, comparable to that of the parent virus, Li. The alteration in receptor-binding affinity results in a decreased potential for elution from cellular receptors and correlates with an increased ability to promote both modes of fusion. A single amino acid substitution in the HN protein of each variant, responsible for its escape from neutralization, has been identified. These studies identify two HN residues, 193 and 203, at which monoclonal antibody-selected substitution influences the receptor recognition properties of NDV and may influence its ability to promote syncytium formation.
One of the hallmark cytopathic effects of the infection of cells by paramyxoviruses is the formation of syncytia as a result of the induction of cell-cell fusion by the virus (4) . Two sets of conditions under which a member of this group of viruses, Newcastle disease virus (NDV), can promote cellular fusion have been defined (2) . Early fusion is mediated by input virus particles, which need not be infectious, at high multiplicities and is called fusion from without (FFWO). The fusion that occurs late after infection at low multiplicity and requires infectious virus is mediated by the newly synthesized viral glycoproteins deposited on the surface of the infected cell. It is thus called fusion from within (FFWI) .
The requirement for a proteolytically cleaved form of the fusion (F) glycoprotein in the induction of both modes of fusion is well established (24) . However, the contribution(s) of the hemagglutinin-neuraminidase (HN) glycoprotein in the promotion of fusion is far less well understood. Even the expression of the two glycoproteins in mammalian cells by recombinant DNA technology has yielded conflicting results with respect to the requirement for HN in paramyxovirusinduced fusion (1, 6, 9, 19, 20, 22, 32) , although a requirement for HN in the induction of fusion by NDV has been demonstrated (8, 17) .
Bratt and Gallaher (2, 3) presented evidence consistent with a cause-and-effect relationship between properties commonly attributed to the HN glycoprotein of NDV and its fusogenic potential. The ability to cause FFWO correlated with the strength of the initial interactions of the virus with the cell membrane, a property commonly attributed to the HN protein spike. They suggested that a good inducer of FFWO can be characterized as spending a relatively longer time in association with the cell surface. This is consistent with HN, through the nature of its interaction with cellular receptors, being a major determinant of the fusogenic activ-ity of NDV. Members of the NDV serotype differ in their ability to induce the two modes of fusion, and for many isolates, the two types are mutually exclusive. For example, the Australia-Victoria (AV) isolate is a particularly strong inducer of FFWI, but FFWO has not been detected with this isolate.
There is also strong evidence to suggest that the neuraminidase (NA) of paramyxoviruses profoundly affects their fusing activities. Naturally occurring strains of mumps virus (16) and bovine parainfluenza virus type 3 (27, 28) were shown to exhibit an inverse relationship between NA and the ability to induce FFWI. Those viruses with low levels of NA were the strongest inducers of this mode of fusion. Subsequently, a fusing, NA-deficient variant was selected from a nonfusing strain, again indicating that the NA activity of mumps virus HN modulates cell fusion (36) .
We have previously shown that monoclonal antibodies (MAbs) to one of seven sites on the HN glycoprotein of NDV (site 23) bind to a domain that is apparently very close to both the NA and receptor recognition sites. These MAbs inhibit the NA activity of the molecule on neuraminlactose (12) . A competitive inhibitor of NA which binds at the active site of the molecule inhibits the binding of site 23 MAbs to virions by more than 90% (13) . Three of four variants selected by escape from the neutralizing activity of these MAbs have altered NA activity presumably due to a single amino acid substitution at either residue 194 or 201 (13) . A fourth site 23 variant has a substitution of leucine for the phenylalanine at residue 193 of the wild type (wt) with no measurable effect on NA activity. The hemagglutinating (HA) activity of this virus is nearly threefold more resistant to periodate treatment of erythrocytes than that of the wt (14) . The periodate sensitivity test (33) has been used previously to identify substitutions in the hemagglutinin of influenza virus which influence its affinity for sialic acid-containing receptors (34 For FFWI, a multiplicity of 10 was used. Standard medium containing 2% sodium bicarbonate and 5 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 8.0) was added, and the plates were incubated at 37°C for 7 h. The medium was withdrawn, and indicator chicken embryo fibroblasts (5 x 105/ml) were added for 1 h.
After being washed with phosphate-buffered saline (PBS) (10 mM Na2PO4, 3 mM KCl, 1.8 mM KH2PO4, 8.5% NaCl), the cells in both assays were fixed with methanol and stained with Giemsa Accustain (Sigma Chemical Co., St. Louis, Mo.) prior to microscopic examination for syncytium formation. The extent of fusion (fusion index) is expressed as the percentage of nuclei that were found in syncytia involving three or more nuclei.
Neuraminidase sensitivity tests. The resistance of the HA activity of virions to the presence of reduced amounts of sialic acid receptors on erythrocytes used in the HA assay was determined. Chicken erythrocytes were washed twice in PBS containing 1% CaCl2 and 1% MgCl2 and treated with 1/10 volume of Vibrio cholerae neuraminidase [NA(VC)] (Calbiochem, La Jolla, Calif.) for 1 h at 37°C. The erythrocytes were then pelleted by centrifugation and resuspended in the same buffer for use in HA assays of the variants (12) . The concentration of NA(VC) that decreased the HA activity of each virus by 4 HA units was determined and expressed relative to the wt level.
Elution. Chicken erythrocytes (2 x 108/ml), washed as described above, were incubated at 4°C for 1 h with an equal volume of virions (107 PFU/ml). After an initial wash to remove unbound virions, the erythrocytes were resuspended, aliquoted into several tubes, and incubated at 37°C. At various times, the erythrocytes were pelleted, and the titer of infectious virus in the supematants on chicken embryo cells was determined. The total amount of virus bound is that associated with the erythrocyte pellet before the shift to the higher temperature. activity of the virus, the ability of each of these variants to induce FFWI (Fig. 1) and FFWO (Fig. 2) Ability of the Cl-Ll-Nl series of viruses to cause FFWO.
RESULTS

Fusogenic
The two revertants Li and Ni, isolated from the ts mutant Ci, have some properties in common with the group of site 23 variants. Li has only 3%, and Ni has 16%, of the NA activity of the wt virus (30) . Ni also has the F-193--3L amino acid substitution found in variant 23a-3 (12); this substitution is responsible for its binding with increased affinity (13) . All three of these viruses were previously shown to be unable to induce FFWI, although they were isolated from AV (30), which is a good inducer of this mode of fusion (3). We have confirmed these findings (Table 1) . However, Ci, Li, and Ni had not been tested for the ability to cause FFWO. Figure 2 shows that, like AV (Fig. 2B) , the ts mutant Ci (Fig. 2F ) fails to induce FFWO. However, both revertants, Li (Fig. 2G) and Ni (Fig. 2H) , have gained the ability to promote FFWO, exhibiting fusion indices progressively greater than that of the wt ( (11) . A + or -means that the MAb does or does not, respectively, bind to the virus, as determined by the ability of added anti-immunoglobulin to effect neutralization (11) .
" NA content of the variant relative to that of the wt. c HN content of the variant relative to that of the wt. f The data for Li and NI were published previously (12) and are included for comparative purposes. MAb. We have described the latter phenomenon previously for MAbs to this antigenic site (13) . NA and receptor recognition properties of site 23 variants of Li. As shown in Table 2 , each of the variants still has drastically reduced NA activity, with only that of Ll-23f4 markedly different from that of the parent virus, Li. Each of the viruses also packages significant amounts of HN into virions, as does Li (13) . This ensures that the diminished NA activity in virions is due in each case to a direct effect on NA rather than to diminished HN content in virions.
In order to determine the influence, if any, of the site 23 amino acid substitutions on the receptor recognition properties of the virus, each of the variants was tested for its ability to agglutinate chicken erythrocytes having reduced amounts of sialic acid-containing receptors as a result of pretreatment with NA(VC). This approach was originally used to demonstrate that mutants of influenza virus having a selective growth advantage in the presence of a defined mixture of MAbs specific for all four sites on the hemagglutinin were actually adsorptive mutants with increased avidity for cellular receptors (37) . The results are shown (Fig. 3) as the concentration of exogenous enzyme that abolishes agglutination of chicken erythrocytes by 4 date-induced alteration in sialic acid receptors (14) , is also more resistant than the wt to this treatment. Its HA activity survives treatment with concentrations of NA(VC) that are more than sevenfold higher than that needed to abolish the HA activity of AV.
One of the variants, Ll-23fi, shows a level of resistance to the NA(VC) treatment similar to that of the parent virus, Li. However, the HA activity of the remaining three variants shows increased resistance to NA(VC) treatment of erythrocytes. Ll-23f2 and Ll-23f-4 are both more than threefold more resistant to the treatment than the parent virus, Li (Fig. 3) . These findings indicate that the substitutions in these variants, F-193--I and H-203--)Y, render the HA activity of the virus significantly more resistant to the presence of reduced amounts of sialic acid-containing receptors on the erythrocyte surface.
The HA activity of Ll-23f3 also shows increased resistance to the enzyme, but less than twice that of Li. Fusogenic properties of LI-23f variants correlate with their receptor recognition properties. In contrast to the wt AV isolate from which it was derived, Li no longer induces FFWI (30) but has gained the ability to induce FFWO to a limited extent (Fig. 2G) . Since three of the four site 23 variants selected from Li have also gained the ability to bind to cellular receptors with various degrees of increased affinity (Fig. 3) , the fusogenic potential of each virus was determined by assaying each of the variants for their ability to induce both FFWO and FFWI (Fig. 4) . The fusion indices of each variant in the two modes of fusion are indicated in Fig. 5 .
While Li, as well as Ll-23f-1 and Ll-23f-3 ( Fig. 4B and D (Fig. 4C and E) than the parent virus, Li, can induce (Fig. 5) .
With the exception of Ll-23f-1, the site 23 variants selected from Li have also reverted to different extents with respect to the ability to induce FFWI (Fig. 4) . Moreover, the relative efficiencies of these viruses in the induction of this mode of fusion correlate with their abilities to promote FFWO and the resistance of their HA activities to reduced amounts of sialic acid receptors (Fig. 3); i.e., Ll-23f2 > Ll-23f-4 > Ll-23f3.
Elution properties of L1-23f variants. Smith and Hightower (31) have previously shown that Li is impaired in elution from chicken erythrocytes relative to the wt virus. Ll-23f2
and Ll-23r4, on the basis of their minimal NA activity and increased affinity for cellular receptors, would be expected to elute even more slowly. Thus, the elution rates of two of the Li-23f variants were compared to that of the parent Li virus (Fig. 6 ). Ll-23f-2, a strong inducer of both types of fusion, elutes extremely slowly, with less than 5% of the virus eluting in 60 min. Li and Ll-23fi, whose HA activities are very sensitive to a reduction in the number of sialic acid receptors on the cell surface ( Fig. 3) and have similarly weak fusion-inducing properties (Fig. 4 and 5) , also elute much faster from erythrocytes (Fig. 6 ). The apparent difference in the elution rates of Li and Ll-23fi is not reproducible. In other experiments, the variant eluted faster than the parent virus (data not shown). On the other hand, the extremely low elution rate of Ll-23f2, relative to the others, was consistent over several experiments (data not shown). DISCUSSION The AV isolate of NDV is an effective inducer of FFWI, but the induction of FFWO by its virions has not been demonstrated. Li is an NA-deficient virus derived from this isolate which has lost the ability to induce the former but has become a moderate inducer of the latter mode of fusion. An MAb to antigenic site 23 was used to select variants of the Li virus that escaped neutralization by the selecting antibody. Two of these variants were also proficient inducers of both modes of fusion. This phenotype correlates with an increased affinity for sialic acid-containing receptors. A requirement for the attachment function of HN was also indicated from studies of the fusion properties of CV-1 cells persistently infected with human parainfluenza virus type 3 (18) , which fuse only with cells having the cell surface receptor for the virus, sialic acid. Our findings suggest that the attachment function of HN not only is required for the induction of fusion but also may be a major determinant of the fusogenic potential of the virus, specifically through the nature of its interaction with cellular receptors.
These findings add to the previous evidence (14) that substitutions in antigenic site 23 (5) and Gamier (7) analyses predict that, in the HN of the AV isolate, residues 193 and 203 constitute the ends of a long turn connecting two regions of extended coil in a long beta stretch (data not shown). They are also coincident with a peak of hydrophilicity (14) . Thus, each residue is exposed, and one can speculate that these residues are part of a receptor-binding pocket lined by the ends of the beta sheet.
The proximity of residues that influence the attachment and NA activities of NDV's HN raises anew the longdebated question of the separability of the two sites. Func 4C ) and Li-23f4 (Fig. 4E) has been suggested for other viruses (16, 27, 28) .
nt for sialic acid receptors (Fig. 3) , carry a low
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